Transmission line (TL) siting consists of finding suitable land to build transmission towers. This is just 6 one of the numerous complex geographical problems often solved using GIS-based multicriteria 7 decision analysis (MCDA), which is a set of techniques that weight several geographical features to 8 identify suitable locations. This technique is mostly employed using expert knowledge to identify the 9 correct set of weights; thus adding a certain amount of subjectivity to the analysis, meaning that for 10 the same problem if we change the experts involved, we may reach different results. 11
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by Brans (1982) . Here again the weights are compared in pairs, similarly to the previously described 110 algorithms. The difference lies in the assumption that criteria selected by experts can be represented 111 by outranking relations (Malczewski and Rinner, 2010) , meaning that the method can quantitatively 112 define that one set of weights that is clearly preferred compared to another. These methods are widely 113 employed in the literature for various studies, among which energy related tasks: for example, Atici et 114 al. (2015) used ELECTRE to select sites for wind farms, while Kabir and Sumi (2014) used 115 PROMETHEE to locate power substations. 116 117
Subjectivity 118
By definition these techniques require several criteria that must be considered carefully in order to 119 provide a solution to the problem at hand. For example, the distance between the planned line and 120 urban centers is of major interest and can be considered an important criterion, since in some cases 121 the population is opposed to high-voltage lines passing directly above their heads, and in general 122 high-voltage lines cannot be built close to settlements for issues related to electromagnetic pollution. 123
Other interesting geographical features to consider may include the bedrock composition or the 124 presence of major aquifers. These factors are carefully considered and weighted by experts, based 125 on their own experience. However, this way of decision making is highly subjective (Klosterman, 1997; 126 Feizizadeh et al., 2014a ) and therefore, depending on the weights selection, the results may change 127 significantly. In fact, all the techniques described above, from the simplest to the most complex, are 128 all dependent upon weights suggested by decision makers or experts in the field. Clearly, while SAW 129 takes these weights and simply uses them without any modifications, the other methods were 130 specifically developed to decrease the impact of these subjective decisions on the algorithms' 131 outcome. For example, AHP works with a complex pairwise heuristic approach that is based on a 132 preliminary development of a general ranking of the criteria. This ranking has to be suggested by 133 decision makers, and that is where the uncertainty of this method may originate (Feizizadeh et al., 134 2014b ). The same is true for all the other methods, in which the starting point is always provided 135 subjectively by decision makers. 136 6 This is a major weak point of these methods. Even though they have a long history of successful 137 application in various fields of research, the fact that they all depend upon subjective decisions may 138 decrease their social acceptance, particularly when dealing with hotly debated topics or ideological 139 decisions. If a project is highly opposed by the local community, having experts from the industry 140 decide which parameters are the most important ones will certainly add fuel to the debate. On the 141 contrary, involving environmental groups may not be the best solution, since their interests are often 142 very different from the industry and they are sometimes unwilling to make concessions. In our opinion, 143 the only plausible way to start solving these issues is developing techniques to quantitatively select 144 the weights to apply for MCDA analyses. Only a weights selection based on robust mathematical and 145 statistical analysis can increase the acceptance of these techniques, minimizing any intervention of 146 parties (i.e. industry experts or environmental groups) that may create conflicts in the community. 147
This research is a first attempt to address this issue. We focus on the quantitative selection of weights 148
for MCDA, developing a technique based on statistical analysis to define the weights for the criteria. 149 150
Case Study 151
This case study is concerned with the need to integrate a growing percentage of renewable energy 152 systems (RES) into the electric network. Such a new technology does not rely on large centralized 153 power plants, but on a more distributed and intermittent production. For this reason, one of the 154 necessities to successfully integrate RES in the existing electricity mix is updating and partly replacing 155 the existing transmission network with smart grids. 156
The construction of new transmission lines is an issue that needs to be tackled from various conflicting 157 perspectives (Borlase, 2012) . For example, distribution operators seek the minimization of the 158 construction costs of the project, while other stakeholders may want to minimize different factors, such 159 as the environmental impact of the line or its visual impact on the landscape. This creates serious 160 conflicts of interest, which need to be solved with a technique capable of planning new infrastructures 161 in a way that is acceptable by all parties involved. In particular, transmission line (TL) siting consists 162 of finding suitable land to build transmission towers, using a process that excludes areas that cannot7 be developed (Grassi et al., 2014) , while aiming at minimizing the total economic cost of the project. 164
For transmission line siting, MCDA is used to weight several geographical parameters into a single 165 cost surface (here cost is not referred to economic cost; it is a broad term that indicates the suitability 166 of an area to be crossed by a TL), which determines the geographical cost of building a TL, i.e. its 167 impact on the landscape. Once this cost surface has been created, the least cost path is used to 168 connect two points (e.g. two transmission towers or two transformation points) by the line that 169 minimizes this cost (Grassi et al., 2014) . For example, TL cannot be built on nature reserves, hence 170 in these areas and their surroundings (a buffer around protected areas is often included) the 171 geographical cost of building additional lines would be very high so that the least cost path algorithm 172 is less likely to choose them. 173
Such a case study provides the perfect framework to test our quantitative technique to calculate 174 weights of the MCDA. Since TL siting is an issue that needs to be tackled from a wide range of 175 perspectives, in this research we included numerous geographical features from which to determine 176 the most important for TL siting. In particular, we compared the distance between observed samples, 177 in this case transmission towers already built, and several important geographical features; in parallel 178 we also compute the distance between the same features and randomly selected points. The idea is 179 that random points will have distances to the geographical features that by definition are independent 180 of anything in particular, while transmission towers will have distances that depend on the importance 181 of the selected feature during the planning phase. For this reason, when comparing the two datasets 182 we will find differences that are proportional to the importance of each geographical feature for the 183 planning of new transmission lines. Performing a robust statistical analysis we will be able to 184 determine quantitatively these differences and assess the relative importance of each geographical 185 feature in the MCDA. 186 8 187
Materials and Methods

188
Datasets 189
For this research, we worked at the national scale, considering the entire country of Switzerland. 190
The most important dataset we used are the locations of the 220 kV transmission towers (n = 5 044) 191 built by Swissgrid (Swisstopo, 2015) , which is the national high-voltage power grid operator (these 192 are presented in Figure 1 towers are located at distances from these features determined during the planning phase. However, 214
we may not be aware of the rules used during planning (since they may change over time and 215 depends on regional/local law and regulation), therefore by comparing random points with the 216 10 locations of the towers we may determine these rules experimentally. If the two datasets are 217 statistically different when investigating a particular criterion, it means that this criterion was 218 considered important during the planning process. 219 220
Statistical Analysis 221
To determine whether the distance differences between the two datasets and various important 222 features are significant we employed a basic two-sample t-test (Urdan, 2010) . In essence, we 223 calculated the distances between transmission towers and all the features described in section 2.1, 224
and then repeated the process for the random points. Subsequently, we used the t-test to determine 225 if the two distance distributions presented significantly different mean values. If the two means were 226 not significantly different we concluded that the transmission towers had the same probability of being 227 at a certain distance from a particular feature as random points, therefore this feature was not 228 accounted for in the decision-making process. Alternatively, a significant difference means that 229 planners purposely placed towers closer or farther away from this feature, and for this reason this 230 needs to be taken into account as an important criterion for the MCDA. 231
The t-test is based on the t statistic, which can be easily computed as follows (Urdan, 2010 dataset. The two terms in the denominator, namely the ratios between the standard deviations and 236 the number of points, are the standard errors of the two datasets. After calculating the t statistic we 237 can calculate the probability that the two means are equal by computing the p value. If this is lower 238 than 0.05, the two means are significantly different. 239
A problem with this work flow is that the t statistic relies on the standard error, which in turn is 240 calculated as the ratio between the standard deviation and the number of samples in the dataset (in 241 this case the number of points). This implies that for large samples the standard error is very low, and 242 the t-test would return significant values even if the two means are very similar. This is referred to as 243 effect size (Urdan, 2010) In order to apply Equation 3 we first needed to standardize the distance rasters, creating cost rasters. 278
We did that by scaling them from 0 to 255. The assignment of the minimum value was determined by 279 the statistical analysis. As an example we can use again the distance from urban areas. We 280 determined that transmission towers are located as far away as possible from these geographical 281 features. For this reason a lower cost is assigned to the maximum distance, which will take the value 282 0. 283 284 285
Results and Discussion
286
Random Dataset 287
We started this experiment by comparing the towers' locations with the locations of completely 288 random points. However, the statistical tests performed on this dataset offered some results that 289 13 seemed erroneous. For example, the random dataset had an average distance from urban areas 290 higher than the towers. This would suggest that transmission towers are purposely placed closer to 291 urban areas, and this is not what happens in reality. For this reason, we realized that we were 292 comparing datasets that were not comparable, since the random points were distributed all across 293 the country even in high elevation areas, which are unsuitable for transmission line siting. 294
As a consequence, we decided to use a stratified random dataset instead, with elevation as a 295 constraining parameter. We divided the digital terrain model (DTM) of Switzerland into discrete 296 elevation intervals, and randomly sampled the same number of points as the towers in each interval. 
Statistical Analysis 304
We compared the average distance of transmission towers and the stratified random dataset to a 305 series of 41 features (the categories are listed in section 2.1). In some cases, the distance between 306 the two datasets resulted in a non-significant difference, meaning that the p value was above 0.05. 307
This happened, for example, for minor highways without guardrails (Autostrasse). This result means 308 that in the planning phase this feature was not considered important for transmission line siting. In 309 other words, a tract of a transmission line can either be close, cut through, or be far away from the 310 feature "Autostrasse" and it would not make any difference. For other features the differences in 311 distance resulted to be statistically significant, meaning with a p value below 0.05, but the d value, 312 which takes into account the effect size, was extremely low. This happened for highways (Autobahn), 313 which presented a p value of 3 x 10-5 but a d value of 0.01. For this feature the same reasoning 314 applies, meaning they were simply not considered during planning. 315
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The most important feature appeared to be the geological nature of the bedrock, in particular the 316 presence of magmatic or metamorphic terrains resulted to be extremely important. These two features 317 presented d values of 0.57 and 0.59 respectively, with the distance of the transmission towers that is 318 on average 10 km lower than random data. This means that these two features are important for TL 319 siting. This makes sense since in Switzerland there are areas with shallow soils and in which 320 foundations need to be built directly on rock, for which magmatic and metamorphic are good choices. 321
For similar reasons the presence of rock outcrops resulted to be important. A complete list of all 322 important features is presented in Table 1 . In order to provide context to our results, we compared our ranking to other studies on TL siting from 328 the literature. Despite the fact that many articles are dedicated to TL siting using MCDA algorithms, 329 only a small fraction of these present the weights that were used in the research. This may be caused 330 by the fact that sometimes these projects are considered strategically important and thus utility 331 companies are not willing to share detailed data. However, we found two articles in which the weights 332 are presented and therefore allow a comparison of our results. The first is the paper by Monteiro et 333 al. (2005) , who used MCDA for TL siting in Spain. In this article the authors suggest that distance to 334 urban areas is one of the crucial geographical features to consider when placing TL, and also that TL 335 are often built along roads to "concentrate the impact of roads and power lines in the same 336 geographical areas" (Monteiro et al., 2005) . This article however did not consider the other factors we 337 included in our analysis so these two conclusions are the only ones that we can use for comparison. 338 A more thorough research in terms of weights description is the one carried out by Eroglu and Aydin 339 (2015) . Here the authors used several features to help with TL siting in the Black Sea region of Turkey. 340
Their results suggest once again that distance from urban areas is a major factor in TL siting, which 341 stands in line with our findings. However, as in this research, the results from Eroglu and Aydin (2015) 342 do not rank urban areas as the most important factor. By looking at the tables of weights they present, 343 it is clear that the most influential factors are magmatic and metamorphic rocks, major roads (two or 344 more lanes roads), historic places and ice zones. These results are partially in line with what we found 345 in this research. The type of bedrock is clearly of primary importance for building solid foundations for 346 the towers, hence its high ranking. We also found a significant correlation between transmission 347 towers and distance to roads, in line with the results from Eroglu and Aydin (2015), even though in 348 our case not with major roads, therefore not with highways, but only with minor roads. This may be 349 related to differences in the road network between Switzerland and Turkey, but also to the fact that 350 we focused on the entire country, while Eroglu and Aydin (2015) focused on a single region. Historic 351 places were also considered in our research but not found of significant importance for TL siting. 352
Finally, areas under permanent ice were found important in both studies and this makes sense, since 353 it is very difficult to build new infrastructures on these terrains. 
